The determination of fecal pollution sources in aquatic ecosystems is essential to estimate associated health risks. In this study, we evaluate eight microbial source tracking (MST) markers including host-specific Bacteroidales and Methanobrevibacter spp. for discrimination between human, bovine, equine, and swine fecal contamination in waters intended for human supply. Overall, the novel host-specific archaeal and bacterial primers proposed in this study demonstrated high sensitivity and specificity. Markers for the Archaea domain were more prevalent in the fecal and water samples studied. We conclude that the investigations regarding the sources of fecal pollution in public water supplies can contribute to improve the quality of human health. To our knowledge, this is the first analysis using both archaeal and bacterial fecal MST markers on tropical water bodies of Rio de Janeiro city, Brazil.
INTRODUCTION
Concerns about water quality have increased in recent years, partly due to frequent contamination of coastal and inland water resources by sewage carrying waterborne pathogens.
Waterborne diseases are mainly caused by enteric pathogenic micro-organisms, which are transmitted primarily by the fecal-oral route (USDA ). Consequently, this situation has been aggravated in recent years due to frequent contamination of drinking, recreational, and irrigation waters by emerging pathogens such as Giardia lamblia, Cryptosporidium parvum, Enterohemorrhagic Escherichia coli O157:H7, Vibrio cholera, among others (WHO ).
Fecal pollution can reach water bodies through discharge of fecal waste or raw sewage, wastewater from livestock, hospitals, slaughterhouses, and industrial activities, among other sources (USEPA ). The possibility of animal waste reaching underground sources of drinking water represents a significant public health threat. In addition, aquifers worldwide are experiencing increasing pollution threats from urbanization, industrial development, agricultural activities, and mining enterprises. Groundwater is a vital natural resource for the economic and secure provision of potable water supply in both urban and rural settings (Foster et al. ) .
Owing to the economic development of metropolitan regions, the exploitation of environmental resources impacts on water availability in rivers, reservoirs, and other water sources, both in terms of quantity and quality. Consequently, there is increasing pollution of waterbodies located in the vicinity of urban regions where popular demand for proper pollution control is ever increasing (Gonçalves ) . Thus, the monitoring of raw water is of fundamental routine, since water quality is dynamic in time and space (Carmo et al. ; Di Bernardo & Paz ) . This dynamism has a direct influence in water treatment processes, as contaminated waters require complex procedures that generally lead to increases in water prices.
Worldwide, water quality is evaluated using culture-based enumeration of fecal indicator bacteria (e.g., E. coli, enterococci) and, more recently, by quantitative real-time polymerase chain reaction (PCR) (USEPA ). However, neither of these approaches provide information about the source of fecal pollution since these organisms are normal inhabitants of the gastrointestinal tracts of several mammals, 
METHODS

Fecal sampling
To determine the host-specificity and sensitivity of the markers, (Figure 1 ).
Six of the 12 samples were collected in dry weather and the remaining six were collected following wet weather events.
The water samples (5.0 L) were taken at a depth of approximately 15-20 cm below the surface in a sterile polyethylene bottle. All samples were stored on ice and conducted to the laboratory within 4 h. The enumeration of E. coli in 100 mL was carried out using the defined substrate method (Colilert, IDEXX), according to the protocol described in Standard Methods for the Examination of Water and Wastewater (APHA ). Then, 4 L of each water sample were filtered through a 0.22 μm Stericup ® system (Millipore). In case of filter clogging, additional filters were added. The filters were placed in 2 mL microcentrifuge tubes with 1 mL of PBS and kept at À20 W C overnight.
DNA extraction
The procedure used for DNA extraction was a modified version of previously described protocols ( FP) ], where TP is the number of samples that were positive for the PCR marker of their own species (true positive); FN is the number of samples that were negative for a PCR marker of their own species (false negative); TN is the number of samples that were negative for a PCR marker of another species (true negative); and FP is the number of samples that were positive for a PCR marker of another species (false positive).
To determine the limit of detection (LOD) of the equineand human-associated Bacteroidales and equine-associated
Methanobrevibacter markers, serial dilutions (10 À1 -10 À11 ) from 20 ng of fecal DNA samples were made.
PCR conditions
PCR analysis was carried out in 50 μL amplification reaction 
RESULTS
Enumeration of E. coli
Ten water samples showed E. coli levels within acceptable limits (0-920 MPN/100 mL) according to Brazilian standards (CONAMA ). The two other samples, Capivari railway and São João river mouth, had E. coli counts above the recommended limit (1,119.9 and 2,682 MPN/ 100 mL, respectively).
Specificity, sensitivity, and LOD
Host-specificity and -sensitivity of human-, bovine-, equine-, and swine-associated markers were evaluated by screening 49 fecal samples from six host groups. The archaeal human marker was detected in all (12/12) human fecal DNA samples tested but not in non-target host groups (0/37). However, the
Bacteroidales human marker was positive in eight of 12 human samples and one of 37 animal fecal DNA samples (Table 2 ). The bovine archaeal marker was positive for 10 of Table 2) .
The overall sensitivity of the human-, swine-, and equineassociated archaeal markers to differentiate between its own host group and other animal fecal samples was 1 (maximum value of 1) as was the bovine-associated bacterial marker.
Human-, equine-, and swine-associated Bacteroidales indicator sensitivity values were 0.67, 0.83, and 0.88, respectively, whereas for the bovine-associated archaeal marker it was 0.91. The specificity value for all archaeal markers and for swine-and equine-associated Bacteroidales markers was 1 (maximum value of 1). The specificity value for both human and bovine Bacteroidales markers was 0.97. All sensitivity and specificity results are given in Table 3 . 
DISCUSSION
The aim of this study was to evaluate the presence of fecal host-specific markers in water bodies intended for human consumption. In order to increase the likelihood of identifying fecal contamination sources, novel specific molecular markers, including human-, swine-, and equine-associated
Bacteroidales and M. gottschalkii were proposed (Table 1 ).
In addition, previously described bovine-associated Bacter- addition, the human-associated archaeal marker showed higher specificity and sensitivity than the bacterial one. On the other hand, the bovine-associated archaeal marker showed higher specificity and lower sensitivity compared with the bacterial marker (Table 3) .
A study conducted in Australia evaluated the host speci- The novel archaeal and bacterial primers proposed in this study demonstrated high sensitivity and specificity.
Interestingly, markers of the Archaea domain were more prevalent, in both the feces and water bodies studied. Nevertheless, a study in northwest France showed that hostspecific Bacteroidales markers were found to be more sensi- The MST approach should be carried out using several water samples, with regular sampling intervals combined with conventional fecal indicator monitoring and also include samples taken in both dry and rainfall weather events. Our data suggest that the use of more than one MST marker to identify the source of fecal contamination is valuable because each of these methods has its strengths and weaknesses that can limit the usefulness of MST. The most commonly used marker, for example, Bacteroides Finally, we conclude that although MST tools are widely accepted as alternative methods to evaluate sources of pollution, threshold values have not yet been entirely determined to assess the microbial quality of a water body.
Meanwhile, the investigations regarding the sources of fecal pollution in public water supplies can contribute to the implementation of better monitoring programs and remediation strategies in order to improve the quality of human health and ecosystems.
